Introduction {#sec1}
============

Inflammatory bowel disease (IBD) is a chronic inflammatory disorder of the gastrointestinal tract, and ulcerative colitis and Crohn's disease represent two major phenotypes of IBD.[@bib1], [@bib2] The incidence of IBD is increasing in Europe and the United States, and the high incidence of disease recurrence is a serious healthcare problem.[@bib3], [@bib4] Treatment includes anti-inflammatory drugs, immunosuppressants, and glucocorticoids to manage acute inflammation.[@bib5], [@bib6] New treatment options involve inhibition of the mucosal inflammatory pathways by targeting pro-inflammatory cytokines like tumor necrosis factor α (TNF-α) or cell surface receptors.[@bib7] Despite treatment, 30% of patients eventually require extensive surgery on their inflamed gastrointestinal tracts because of severe inflammation, intestinal stenosis, or toxic megacolon.[@bib2], [@bib8], [@bib9] Although the precise etiology and pathogenesis of IBD are not fully understood, several factors are thought to be involved in this complex disease. These factors include oxidative stress disorder, innate and adaptive immune disturbances, genetic variations, and microbial and dietary environmental factors.[@bib10], [@bib11]

Nucleic acid-based medicine, which includes antisense-, small interfering RNA (siRNA)-, and microRNA (miRNA)-based therapies, shows potential as a next-generation treatment for various diseases. miRNAs are small non-coding RNAs of approximately 20--25 nucleotides that, in normal physiological processes, act to post-transcriptionally regulate the expression of multiple target genes by binding to the complementary sequences in the 3′ UTR.[@bib12] Recent studies have shown that miRNAs may be associated with IBD because of their roles in epithelial barrier function (mi-R-7, miR-21, and miR-150), autophagy (miR-13a, miR-93, miR-106, and miR-142-3p), the nuclear factor κB (NF-κB) signaling pathway (miR-126, and miR-146a), and the interleukin-23 (IL-23) and Th17 inflammation axis (miR-20, miR-23a, miR-29b, and miR-155).[@bib13], [@bib14], [@bib15], [@bib16], [@bib17] Therefore, these miRNAs or anti-miRs have been investigated as therapeutic tools for IBD treatment. So far, *in vivo* treatments based on miRNA or siRNA have had limited success that has been achieved using mainly liposome-based delivery methods.[@bib18], [@bib19] Only 5 nucleic acid agents are currently in clinical use. These include fomivirsen and Macugen, two eye disease treatment drugs; mipomersen, which is an antisense therapeutic agent that targets apoprotein B100 to treat familial hypercholesterolemia; and eteplirsen, which is an antisense therapeutic agent for Duchenne muscular dystrophy.[@bib20], [@bib21], [@bib22], [@bib23] Very recently, Spinraza, an antisense agent, was approved for spinal muscular atrophy. The paucity of approved RNA-based therapies reflects the fact that RNA targeting is still in the early investigational stage for most diseases.

To develop an miRNA therapy that targets IBD, this study focused on miR-29 because it has been reported that dextran sulfate sodium (DSS)-induced colitis is exacerbated in miR-29a or miR-29b knockout mice.[@bib24] It is well documented that the miR-29 miRNA family (i.e., miR-29a--miR-29c) in humans targets genes that are involved in immunomodulation and cell senescence, differentiation, and apoptosis.[@bib25] Because naked miRNAs are rapidly degraded in the bloodstream and are cleared by the liver and spleen, they need to be encapsulated so that a sufficient amount of miRNA can reach the target organs. For this purpose, we used a supercarbonate apatite (sCA)-based, *in vivo*, pH-sensitive delivery system for siRNA and miRNA.[@bib26] This carrier simply consists of the inorganic ions CO~3~^2−^, Ca^2+^, and PO~4~^3−^. Systemic administration of sCA that incorporates siRNA or miRNA was used to deliver considerable amounts of nucleic acids to various tumors *in vivo*, and the nucleic acids had potent tumor-suppressive effects.[@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31]

Based on the success of these earlier *in vivo* cancer treatment experiments, here we examined whether sCA could deliver sufficient amounts of miRNA to the inflamed colon and prevent profound intestinal inflammation in a mouse colitis model. As a result, we found that systemic delivery of sCA-miR-29a-3p or sCA-miR-29b-3p efficiently prevented DSS colitis, although modest amounts of miRNA were delivered to the inflamed colonic mucosa. RNA sequencing analysis revealed that miR-29a-3p and miR-29b-3p contributed to inhibition of the interferon-associated inflammatory cascade. While exploring why a small amount of miRNA was so effective, we found that the sCA-miRNA complex was preferentially captured by CD11c^+^ tissue dendritic cells in the colon and that this caused a molecular modulation that inhibited maturation toward pathogenic T cells. This feature of sCA may be particularly useful for efficient therapy of IBD, in which dendritic cells play a central role.

Results {#sec2}
=======

miR-29b-3p Was Delivered to the Inflamed Colon by sCA {#sec2.1}
-----------------------------------------------------

Prior to experiments, we examined whether miR-29b-3p would be delivered by sCA to the inflamed colon. During treatment with 2.0% DSS on day 4 or day 6, miR-29b expression in the colons of DSS-treated mice significantly decreased compared with the control. miR-29b levels were restored and significantly increased 4 hr after injection of sCA-miR-29b via tail vein in mice treated with 2.0% DSS for 4 or 6 days (p \< 0.05; [Figure 1](#fig1){ref-type="fig"}).Figure 1miR-29b-3p Was Delivered to Inflamed Colons by sCAMice were treated with 2.0% DSS for 4 or 6 days. RNA was extracted from the colons of mice. miR-29b-3p expression in the colons of DSS-treated mice decreased after DSS treatment for 4 or 6 days compared with non-DSS-treated mice. When sCA-miR-29b-3p was injected via the tail vein after DSS treatment for 4 or 6 days, miR-29b-3p levels increased significantly 4 h after injection (\*p \< 0.05, n = 3 for each group).

Treatment of Mice with DSS-Induced Colitis by Venous Injection of sCA-miR-29a-3p or sCA-miR-29b-3p {#sec2.2}
--------------------------------------------------------------------------------------------------

sCA-miRs were injected into the tail veins of mice on days 1, 2, 3, and 5 of 2.0% DSS treatment ([Figure 2](#fig2){ref-type="fig"}A). As shown in [Figure 2](#fig2){ref-type="fig"}B, DSS treatment destroyed the normal epithelial structure, and numerous inflammatory cells infiltrated the *lamina propria* of the distal colonic mucosa. Systemic administration of either sCA-miR-29a or sCA-miR-29b markedly prevented DSS-induced colitis, but naked miR-29b or sCA-NC miR did not have a preventive effect. The extent of inflammation was then quantitatively evaluated using well-known indicators of the DSS colitis model; i.e., body weight loss, shortening of the colon, and histological scores,[@bib32] as described in the [Materials and Methods](#sec4){ref-type="sec"}. sCA-miR-29a or sCA-miR-29b treatment prevented body weight loss and shortening of the colon and significantly improved the histological scores compared with the sCA-negative control (NC)-miR group. In contrast, injection of naked miR-29b alone had no therapeutic effects ([Figures 2](#fig2){ref-type="fig"}c--2E). We also examined effect of sCA-miR-29b in a mouse therapeutic model of DSS colitis by referring to a report on rat IBD therapeutics[@bib33] ([Figure S1](#mmc1){ref-type="supplementary-material"}A). After treatment with 1.5% DSS, the distal colon had considerable colitis on day 7, and it became very severe on day 16 ([Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C). Systemic administration of sCA-miR-29b significantly restored DSS-induced colitis ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D).Figure 2Prevention of DSS-Induced Colitis by Venous Injection of sCA-miR-29a or sCA-miR-29b(A) The treatment schedule of DSS colitis induction and injection of sCA-miRNAs. 2.0% DSS was administered in drinking water to mice for 9 days. sCA loaded with miRNA (50 μg) was injected on days 1, 2, 3, and 5. The mice were divided into 6 groups of 5 mice as follows: non-DSS-treated mice, DSS-treated mice, DSS+sCA-NC-miR mice, DSS+sCA-miR-29a mice, DSS+sCA-miR-29b mice, and DSS+naked miR-29b mice. (B) Representative images of H&E-stained distal colonic mucosae. The distal colon is usually the most affected by DSS-induced colitis. In DSS+sCA-miR-29a mice and in DSS+sCA-miR-29b mice, the mucosal structures appeared almost normal with few infiltrating inflammatory cells. Scale bars, 100 μm. (C) Changes in body weight. The change in body weight was significantly lower in DSS+sCA-miR-29a and DSS-sCA-miR-29b mice than in the DSS-sCA-NC-miR group (\*p \< 0.05). (D) Compared with DSS-sCA-NC-miR mice, the colorectal tract was significantly longer in both DSS-sCA-miR-29a and DSS-sCA-miR-29b mice (\*p \< 0.05). (E) The histological score was significantly lower in DSS-sCA-miR-29a and DSS-sCA-miR-29b mice than in DSS-sCA-NC-miR mice (\*p \< 0.05).

Comparative Analysis of Gene Expression after miR-29 Treatment of DSS Colitis {#sec2.3}
-----------------------------------------------------------------------------

To examine gene expression in the entire inflamed mucosa, we performed an RNA sequencing analysis of DSS-treated and non-DSS-treated colon walls ([Figure S2](#mmc1){ref-type="supplementary-material"}A; [Table S2](#mmc1){ref-type="supplementary-material"}). By comparing the expression levels of mRNAs in DSS-treated, NC-miR-treated mice on day 4 with DSS-untreated mice ([Figure S2](#mmc1){ref-type="supplementary-material"}B, lane 3 versus lane 1), we identified genes that showed enhanced expression (\>2.0-fold, p \< 0.05) or reduced expression (\<0.5-fold, p \< 0.05) in DSS-treated mice. A tendency for the genes to be upregulated or downregulated was also noted in the DSS-treated, NC-miR-treated group on day 2 compared with DSS-untreated mice ([Figure S2](#mmc1){ref-type="supplementary-material"}B, lane 2 versus lane 1). Heatmap analyses suggested that the expression of several genes involved in the type I or type II interferon pathways (*e.g*., Stat1, Stat2, IRF7, IRF9, and IFIT1) was upregulated on day 4 of DSS treatment in the NC-miR group compared with normal control samples ([Figure S3](#mmc1){ref-type="supplementary-material"}). Gene ontology (GO) analysis indicated that the interferon signaling pathway emerged first among the activated signaling pathways of DSS treatment in the NC-miR group on day 4 ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Ingenuity Pathway Analysis indicated that many proteins, including those in the interferon signaling pathway, were theoretically activated based on the gene expression profile on day 4 of DSS treatment in the NC-miR group ([Figures 3](#fig3){ref-type="fig"}A--3C; [Figure S4](#mmc1){ref-type="supplementary-material"}B). This activation was partly inhibited individually or in combination by administration of sCA-miR-29a or sCA-miR-29b ([Figure 3](#fig3){ref-type="fig"}A).Figure 3Ingenuity Pathway Analysis of Molecular Activation Based on Gene Expression Profiles(A) Gene expression data were analyzed by Ingenuity Pathway Analysis. Molecules that were activated by DSS treatment are displayed according to *Z* scores (extent of activation based on gene expression profile), which were determined by comparison of a non-DSS-treated mouse with a DSS+NC mouse on day 4 (left column). Note that sCA-miR-29a (center column) or sCA-miR-29b (right column) reversed the activation of the molecules to various extents. Many interferon (IFN) pathway-associated molecules were identified (green). (B) An intracellular signaling pathway map shows the production of inflammatory cytokines and IFN because of interactions of ligands with Toll-like receptors (TLRs). Genes activated by DSS treatment are shown in red. (C) Genes activated by DSS treatment are superimposed on known IFN signaling pathways. Orange indicates genes that are predicted to be activated by Ingenuity Pathway Analysis. Purple indicates upregulated genes according to mRNA array analysis.

Subcutaneous Injection of sCA-miR-29b {#sec2.4}
-------------------------------------

We also examined the efficacy of sCA-miR-29b when it was administered through a subcutaneous injection. Subcutaneous injection of sCA-miR-29b had a marked preventive effect on DSS-induced colitis on day 9 ([Figures 4](#fig4){ref-type="fig"}A--4E).Figure 4Effects of Subcutaneous Injection of sCA-miR-29b in the DSS Colitis Mouse Model(A) After we began giving 2.0% DSS to mice in their drinking water for 9 days, sCA+miR-29b (50 μg) or sCA+NC-miR was administered by subcutaneous injection on days 1, 2, 3, and 5 (n = 5 for each). Mice were sacrificed on day 9. (B--D) Compared with DSS treatment alone or treatment with DSS+sCA-NC-miR, (B) body weight loss, (C) colon shortening, and (D) histological scores are shown. (E) Histological changes in mice treated with DSS+sCA-miR-29b were better. Scale bar, 100 μm.

Co-localization of miR-29b with CD11c^+^ Dendritic Cells in Colonic Mucosa {#sec2.5}
--------------------------------------------------------------------------

To visualize the extent and localization of miR-29b in the inflamed colon, we used Alexa Fluor 647-conjugated miR-29b. Thus, after 2.0% DSS treatment for 7 days, sCA incorporating miR-29b tagged with Alexa Fluor 647 was administered subcutaneously, and mouse colons were excised 4 hr after administration. Fluorescence microscopy showed that the red fluorescence of Alexa Fluor 647-conjugated miR-29b was present in the mucosa and submucosa of the colonic epithelium, but it was, unexpectedly, rather scarce ([Figure S5](#mmc1){ref-type="supplementary-material"}) for the drastic preventive effect of DDS-induced colitis by miR-29b.

To further investigate the localization of miR-29b in relation to immune cells, we performed immunostaining for various immune cell types. These include Gr-1 (Ly-6G) for neutrophils, F4/80 for macrophages, CD4 for helper T cells, CD8 for killer T cells, B220 (CD45R) for B cells, and CD11c for dendritic cells ([Figure 5](#fig5){ref-type="fig"}A; [Figure S6](#mmc1){ref-type="supplementary-material"}). It was revealed that miR-29b mostly co-localized with CD11c^+^ dendritic cells and occasionally co-localized with B220 (CD45R)^+^ B cells but not with other immune cells. RT-PCR for miR-29b levels in CD11c^+^ cells and CD11c^−^ cells that were isolated using the AutoMACS Pro separator indicated that miR-29b was preferentially accumulated in CD11c^+^ dendritic cells (DCs) 4 hr after injection (p \< 0.05; [Figure 5](#fig5){ref-type="fig"}B).Figure 5Alexa Fluor 647-Tagged miR-29b Was Efficiently Incorporated into CD11c^+^ Dendritic Cells in a DSS-Induced Colitis Mouse Model(A) Distribution of Alexa Fluor 647-conjugated miR-29b and CD11c^+^ DCs. Fluorescence microscopy showed that miR-29b miRNAs (red signals) mostly co-localized with CD11c^+^ DCs (green signals). Scale bars, 50 μm. (B) *Lamina propria* cells were collected from the mucosa after gentle enzymatic digestion, and CD11c^+^ cells and CD11c^−^ cells were isolated using the AutoMACS Pro separator. Exogenously administered miR-29b was preferentially accumulated in CD11c^+^ DCs (\*p \< 0.05). (C) After we began giving 2.0% DSS to mice in their drinking water, sCA-miR-29a and sCA-miR-29b were intravenously administered on days 1, 2, and 3, and the colons were removed on day 4. CD11c^+^ cells were isolated using the AutoMACS Pro separator. qRT-PCR analysis indicated that sCA-miR-29a suppressed the expression of IL-12 p40, IL-6, and TGF-β, whereas sCA-miR-29b significantly inhibited the expression of IL-23p19, IL-6, and TGF-β (\*p *\<* 0.01, n = 3 mice in each group).

To further investigate the mechanisms underlying the effects of the miR-29b taken up in CD11c^+^ DCs, we collected DCs from the inflamed colon and examined critical gene expression by RT-PCR as described previously.[@bib34] DCs play a key role in the initial stage of the inflammatory immune reaction in DSS-induced colitis.[@bib35], [@bib36] It has been demonstrated that miR-29a and miR-29b knockout mice had an increased level of IL-23 in DCs,[@bib24] which is one of the major molecules for IBD formation. The cytokines IL-6 and TGF-β are also important because they drive naive T cells to become Th17 intestinal immune T cells.[@bib37] qRT-PCR showed that treatment with sCA-miR-29a or sCA-miR-29b significantly decreased the levels of the IL-23 subunits IL-12p40 and IL-23p19, respectively, in DCs from DSS-treated mouse colons ([Figure 5](#fig5){ref-type="fig"}C). Injection of sCA-miR-29a and sCA-miR-29b also significantly decreased IL-6 and TGF-β mRNA expression in CD11c^+^ DCs; notably, these are otherwise upregulated by DSS treatment ([Figure 5](#fig5){ref-type="fig"}C).

sCA Efficiently Delivers miRNA into CD11c^+^ DCs in the *Lamina Propria* of the Colonic Mucosa {#sec2.6}
----------------------------------------------------------------------------------------------

We attempted to examine whether this targeting of CD11c^+^ DCs by sCA-miR-29b was specific to miR-29b or because of an unspecific feature of sCA irrespective of miRNA species. For this purpose, we used an NC miRNA tagged with Alexa Fluor 647 for histological analysis and a non-natural (artificial) miRNA for qRT-PCR that is not naturally found in mice ([Table S1](#mmc1){ref-type="supplementary-material"}). DSS-treated mice had a significantly higher level of the artificial miRNA than non-DSS-treated mice at all sites of the colon and ileum (p \< 0.05; [Figure 6](#fig6){ref-type="fig"}A). Microscopy showed only a few red fluorescence spots corresponding to the Alexa Fluor 647-tagged NC-miR in the normal colonic mucosa and in the DSS-treated inflamed colonic mucosa, and the latter had more red spots in the *lamina propria* of the mucosa ([Figure 6](#fig6){ref-type="fig"}B).Figure 6Distribution of Exogenous miRNA in Non-DSS-Treated Mice and in DSS-Treated Mice(A) After 2.0% DSS in drinking water was given to the mice for 7 days, sCA incorporating a non-natural artificial miRNA (50 μg; sequence in [Table S1](#mmc1){ref-type="supplementary-material"}) was injected into the tail vein. The level of this miRNA was significantly higher in DSS-treated mice than in non-DSS-treated mice at each site (\*p \< 0.05, n = 3 for each group). (B) Localization of the negative control (NC) miRNA, which was tagged with Alexa Fluor 647, in colonic mucosae. After 2.0% DSS in drinking water was given to the mice for 7 days, sCA incorporating an NC miRNA tagged with Alexa Fluor 647 (50 μg) was injected into the tail vein. Colon samples were excised 4 hr later. Fluorescence microscopy showed little red fluorescence (Alexa Fluor 647) in non-DSS-treated colonic epithelia, whereas the red signal was greater, although not strong, in the epithelia of DSS-treated colon samples. Scale bars, 100 μm.

Fluorescence microscopy showed that the red signals of subcutaneously injected artificial miRNAs very often overlapped with the green signals of CD11c^+^ DCs in the DSS-treated colonic mucosa ([Figure 7](#fig7){ref-type="fig"}A). qRT-PCR analyses confirmed that the subcutaneously administered exogenous miRNA was detected at high levels in CD11c^+^ DCs compared with CD11c^−^ cells in the DSS-treated inflamed mucosa (p \< 0.05; [Figure 7](#fig7){ref-type="fig"}B). Confocal microscopy showed that the CD11c^+^ green signals were on the cell surfaces of DCs, whereas the miRNA red signals were found in the cytoplasm ([Figure 7](#fig7){ref-type="fig"}C).Figure 7sCA Efficiently Delivers NC miRNA into CD11c^+^ DCs in the *Lamina Propria* of the Colonic Mucosa(A) After 2.0% DSS was given to mice in their drinking water for 7 days, sCA incorporating the NC miRNA tagged with Alexa Fluor 647 was administered subcutaneously, and mouse colons were excised 4 hr after administration. Fluorescence microscopy showed that NC miRNAs (red signals) mostly co-localized with CD11c^+^ DCs (green signals). Scale bars, 100 μm. (B) *Lamina propria* cells were collected from the mucosa after gentle enzymatic digestion, and CD11c^+^ cells and CD11c^−^ cells were isolated using the AutoMACS Pro separator. The miRNA level was significantly higher in CD11c^+^ DCs than in CD11c^−^ cells (\*p \< 0.01). Mice that were not injected with miRNA gave no measurable values (data not shown). (C) Confocal microscopy of a single dendritic cell in a mouse with DSS-induced colitis. CD11c^+^ green signals are on the cell surface, whereas red miRNA signals are in the cytoplasm. The nuclei are blue (DAPI). Scale bars, 5 μm.

Local Administration of sCA-miR-29b {#sec2.7}
-----------------------------------

Finally, we examined the efficacy of sCA-miR-29b when it was administered via the *trans*-anal route (enema). In contrast to systemic administration, *trans*-anal delivery of an sCA-miR-29b solution to the rectum and colon had no inhibitory effects on DSS-induced colitis ([Figures 8](#fig8){ref-type="fig"}A--8F).Figure 8The Effects of *trans*-Anal Administration (Enema) of sCA+miR-29b in DSS Colitis Mice(A) 2.0% DSS in drinking water was given to the mice for 7 days, and sCA+miR-29b (50 μg) or sCA+NC-miR was administered via the *trans*-anal route on days 1, 2, 3, and 5 (n = 5 for each). Mice were sacrificed on day 9. (B--F) Compared with sCA-NC-miR mice and DSS treatment-only mice, there were no significant changes in body weight (B and C), colon length (D), histological score (E), or histological change (F) in sCA+miR-29b-treated mice. Scale bars, 100 μm.

Discussion {#sec3}
==========

In 2008, systemic delivery of cyclin D1 siRNA via venous injection was reported in DSS-induced colitis using liposomes.[@bib38] However, systemic administration of siRNA remains a clinical challenge. Therefore, subsequent studies mainly investigated oral or enteral administration of nucleic acids using polysaccharide-based nanoparticles, polylactide (PLA)-based nanoparticles, the nanoparticles-in-microsphere oral system (NiMOS), thioketal-based nanoparticles, or polyethyleneimine (PEI)-based nanoparticles as carriers.[@bib39], [@bib40], [@bib41] SMAD7 antisense oligonucleotide may move up to the clinical stage as an oral agent against Crohn's disease.[@bib42] However, there are no reports of therapeutic success using systemic delivery of miRNA in an IBD model.

In our previous tumor treatment studies, we found that sCA nanoparticles represent an innovative delivery system that could be used to deliver siRNA for survivin and polyprimidine tract-binding protein (PTBP) as well as miR-340, miR-4689, miR-302, miR-369, and miR-29b-1-5p more efficiently than conventional *in vivo* delivery systems.[@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31] The sCA-nucleic acid complexes were found in the intracellular compartments of subcutaneous tumors as early as 90 min after injection and achieved rapid endosomal escape, and RNA function was fully realized in every case. Basically, the potent anti-tumor effects were based on massive transport of nucleic acids into the cytoplasm of tumor cells. Unexpectedly, in this IBD model, we found that miRNA delivery to the inflamed colon was much less efficient than we had anticipated. Therefore, we were very surprised to find that sCA-miR-29a and sCA-miR-29b efficiently prevented inflammation associated with DSS-induced colitis with such minimal amounts of miRNA. When we injected the naked miR-29b alone or the sCA-NC-miR, no therapeutic effects were obtained, suggesting that the naked miRNA underwent rapid degradation in the bloodstream and that sCA played an essential role in optimizing the effects of miR-29a and miR-29b. In the therapeutic model, we modified the protocol of the therapeutics of rat DSS colitis[@bib34] and administered 1.5% DSS for 16 days instead of 2.0% DSS for 7--9 days, which was used in the prevention model. As a result, we found that sCA-miR-29b was able to restore DSS colitis when treatment started on day 5 ([Figure S1](#mmc1){ref-type="supplementary-material"}). In contrast, when we administered sCA-miR-29b by *trans*-anal instillation (i.e., via enema), DSS colitis showed no improvement. This could be attributable to the acidic colonic lumen (pH 2.3--5.5) in IBD intestinal tracts,[@bib39] where sCA readily undergoes degradation because of its pH-sensitive structure.

Although miR-29b and NC-miRNA delivered by sCA were small in the inflamed colon, we found that they were often captured by CD11c^+^ DCs. Analysis of CD11c^+^ DCs revealed that the sCA-miR-29a and sCA-miR-29b treatment groups showed decreases in the IL-23 subunits IL-12p40 and IL-23p19, respectively. These findings are consistent with a report by Becker et al.[@bib35] that IL-23 production was mediated by DCs. It has also been reported that IL-12p40 is a direct target of miR-29a and that IL-23p19 is an indirect target of miR-29b.[@bib24] Moreover, sCA-miR-29a and sCA-miR-29b also inhibited the expression of IL-6 and TGF-β mRNA in DCs; both of these are important for the differentiation of naive T cells into Th17 cells, which are one type of intestinal immune T cells involved in the development of IBD.[@bib35], [@bib36], [@bib37], [@bib43] Based on these findings, we raise the following hypothesis. DCs in the *lamina propria* of the damaged mucosa capture bacteria and food fragments and present certain antigens that drive naive T cells to become effector (differentiated) T cells. The DCs also secrete IL-23, which activates Th-17 cells; these become pathogenic Th-17 cells.[@bib44] miR-29s inhibit the differentiation of naive T cells into Th-17 cells by downregulating IL-6 and TGF-β and by preventing the conversion of Th17 cells into pathogenic Th17 cells by suppressing the IL-23 subunits IL-12p40 and IL-23p19 ([Figure S7](#mmc1){ref-type="supplementary-material"}).

The SMAD7 antisense oligonucleotide, which should activate the TGF-β signaling pathway is a useful oral agent against Crohn's disease.[@bib42] Because we showed that miR-29s rather suppressed TGF-β expression as well as IL-6 and IL-23, this may be the next challenge when developing the ideal IBD therapy. Combination therapy of miR-29s and other miRNAs that enhance the TGF-β signaling pathway may be an option.

RNA sequencing analysis of the colon walls suggested that DSS treatment activated interferon signaling pathways, which ranked at the top position in gene ontology analysis and in fifth position by Ingenuity Pathway Analysis ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). Ingenuity Pathway Analysis further showed that miR-29a and miR-29b, individually or in combination, could reverse the effects of DSS on highly activated molecules associated with the interferon signaling pathways ([Figure 3](#fig3){ref-type="fig"}). These findings suggest that blocking the initial immune reaction in DCs by miR-29s may suppress the subsequent spread of the inflammatory cascade.

We are not certain at present how the sCA-miRNA complex preferentially accumulates at CD11c^+^ DCs. Specifically, subcutaneously injected sCA-miR-29b was found mostly in CD11c^+^ DCs by microscopy and by RT-PCR after cell sorting. This was associated with marked inhibition of colitis. Because not only miR-29b but also NC-miR accumulated in CD11c^+^ DCs, this might be due to the phagocytosis action of DCs. We also found that miR-29b was occasionally incorporated by B220 (CD45R)^+^ B cells, but no correlation was found in tissue distribution between miR-29b and other immune cell types, including T cells, macrophages, and neutrophils. The red fluorescence of Alexa Fluor 647-conjugated miR-29b was rather scarce in the colonic epithelium.

One may speculate where the remaining sCA-miRNA goes after injection into mice. In our recent study, we reported that indocyanine green (ICG) loaded on sCA was distributed largely in the liver and kidney in addition to tumors.[@bib45] When we examined the distribution of the artificial miRNA by RT-PCR after injection of the sCA-miRNA complex into the tail vein, we found that the artificial miRNA was mainly distributed in the liver, followed by the spleen to some extent ([Figure S8](#mmc1){ref-type="supplementary-material"}). Compared with these organs, sCA-miRNA uptake in the colon and intestine was only minimal. We also found that DSS treatment did not enhance miRNA uptake in normal organs, but, rather, that it decreased miRNA uptake in the spleen and lung.

Viral vectors, including retroviruses and adeno-associated viruses, have been used to introduce gene expression in target organs in animal models because of their high transfection efficiency. However, the potential side effects of genomic integration into the host genome have limited the clinical applications of these vectors. For example, long-term use of gene therapy for X-linked severe combined immunodeficiency (SCID-X1) leads to acute leukemia.[@bib46] Non-viral nanoparticles are safer and, thus, preferable as a delivery method. However, it is emphasized that RNAi-based nanosystems must be improved substantially for use of siRNA or miRNA as IBD therapy.[@bib39] In this context, the present data demonstrating the *in vivo* effectiveness of the sCA-miR-29a or sCA-miR-29b complexes show that this system is promising in terms of clinical potential. Our previous study showed that repeated administration or 5-fold greater amounts of sCA alone did not cause toxicity in mice.[@bib26] Moreover, our recent studies showed that ICG[@bib45] or miRNA[@bib31] loaded on sCA efficiently accumulated in tumors and that it did not cause any abnormalities in blood chemistry tests or histology of normal organs of mice. However, considerable uptake of miRNA or ICG loaded on sCA in the liver ([Figure S8](#mmc1){ref-type="supplementary-material"};Tamai et al.[@bib45]) may cause clinical problems, as is the case with many vial and non-viral vehicles. To overcome this issue, development of an improved vehicle for clinical use is currently underway in our laboratory.

We and other investigators have shown that miR-29b is a potent tumor suppressor and a prognostic factor for various human malignancies, including colorectal cancer, lung cancer, lymphoma, and acute myeloid leukemia, because it regulates cell cycle progression and apoptosis.[@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52] These findings suggest that miR-29b may be a promising next-generation treatment for cancer. As for IBD, it is known that IL-23 levels increase in patients with Crohn's disease.[@bib24], [@bib33] On the other hand, several studies showed that miR-29a and miR-29b levels are elevated in patients with chronic IBD,[@bib14], [@bib53] which might be a feedback reaction to suppress IL-23. It has also been demonstrated that there is significant downregulation of miR-29b in mucosae overlying strictures in Crohn's disease patients compared with paired mucosae overlying non-strictured areas.[@bib54] This suggests that a severe disease status may be linked to a decrease in miR-29b expression. Taken together, detailed analysis of human IBD samples in relation to disease severity may be essential prior to clinical application.

In conclusion, our data show that systemically administered sCA-miR was often found in CD11c^+^ DCs in the inflamed colon and that sCA-miR-29a or sCA-miR-29b prevented DSS colitis by suppressing interferon-related cascades. The present study suggests the possibility that sCA-miR-29 s may be useful for IBD therapy.

Materials and Methods {#sec4}
=====================

Animals {#sec4.1}
-------

Seven-week-old BALB/c mice, which have an intact immune system, were purchased from CLEA (Tokyo, Japan). The animal experiments in this study were approved by the Institutional Animal Care and Use Committee of Osaka University Graduate School of Medicine and by the Committee for the Ethics of Animal Experiments of Osaka University (permit 260033-006). Surgery was performed under sodium pentobarbital anesthesia, and every effort was made to minimize suffering. To generate experimental colitis, DSS (36,000--50,000 molecular weight \[MW\]; MP Biomedicals, Santa Ana, CA) was given to BALB/c mice in their drinking water at a concentration of 2.0% for 7 to 9 days. In the therapeutic models, 1.5% DSS was administered to BALB/c mice for 16 days.

Histological Inflammation Scoring of DSS-Induced Colitis {#sec4.2}
--------------------------------------------------------

The extent of colonic and intestinal wall inflammation was scored as reported previously.[@bib32] Mucosal damage: 0, normal; 1, focal damage plus 3--10 intraepithelial lymphocytes (IELs)/high power field (HPF); 2, rare crypt abscesses plus more than 10 IELs/HPF; 3, multiple crypt abscesses and erosion or ulceration plus more than 10 IELs/HPF. Submucosal damage: 0, normal or widely scattered leukocytes; 1, focal aggregates of leukocytes; 2, diffuse leukocyte infiltration with expansion of the submucosa; 3, diffuse leukocyte infiltration. *Muscularis* damage: 0, normal or widely scattered leukocytes; 1, widely scattered leukocyte aggregates between muscle layers; 2, leukocyte infiltration with focal effacement of the *muscularis*; 3, extensive leukocyte infiltration with transmural effacement of the *muscularis*.

miRNAs {#sec4.3}
------

The specific miRNAs (mmu miR-29a-3p, mmu miR-29b-3p) and the negative control miRNA used in the *in vivo* analysis were purchased from Gene Design (Osaka, Japan). Alexa Fluor 647 fluorescent dye (red signal) was conjugated to the NC miRNA or miR-29b-3p with a junk sequence to visualize the miRNA distribution in the tissue samples. To measure exogenous miRNA in the tissue by RT-PCR, non-natural miRNA was synthesized; this miRNA was 62.5% identical to mmu miR-29b-3p, which is not found in mice. The miRNAs used in this study are shown in [Table S1](#mmc1){ref-type="supplementary-material"}.

Immunofluorescence {#sec4.4}
------------------

Specimens were frozen in optimal cutting temperature (OCT) compound, and 8-μm sections were cut and fixed in 4% paraformaldehyde. The frozen sections were incubated overnight with the following antibodies: Fluorescein (FITC)-conjugated mouse CD11c antibody (BioLegend, San Diego, CA), rat anti-mouse Ly-6G or Ly-6C (Gr-1) antibody (BioLegend), rat anti-mouse CD4 antibody (BD Biosciences, San Jose, CA), Alexa Fluor 488-conjugated rat anti-mouse CD8a antibody (BioLegend), rat anti-mouse F4/80 antibody (Bio-Rad, Hercules, CA), and rat anti-mouse CD45R (Bio-Rad) at a concentration of 1:100. As a secondary antibody, FITC-conjugated goat anti-rat immunoglobulin G (IgG) was used (Jackson ImmunoResearch Laboratories, West Grove, PA). The nuclei were stained with ProLong Gold anti-fade reagent with DAPI (Invitrogen, Carlsbad, CA). Sections were observed using a fluorescence microscope (BZ-X 700, Keyence, Osaka, Japan).

Production of sCA {#sec4.5}
-----------------

sCA was prepared as described previously.[@bib26] Briefly, miRNA (100 μg) was incubated in 50 mL of inorganic solution (44 mM NaHCO~3~, 0.9 mM NaH~2~PO~4~, and 1.8 mM CaCl~2~ \[pH 7.5\]) at 37°C for 30 min. The solution was centrifuged at 12,000 rpm for 3 min, and the pellet containing miRNA was dissolved in saline containing 0.5% albumin. This solution was sonicated (38 kHz, 80 W) in a water bath for 10 min. Each injection contained 50 μg of miRNA dissolved in 200 μL of physiological saline.

mRNA and miRNA Expression {#sec4.6}
-------------------------

Total RNA and miRNA were extracted from tissue samples using the miRNeasy kit (QIAGEN, Hilden, Germany). RNA quality was assessed with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Rockland, DE), and 2 μg of RNA was reverse-transcribed with the High-Capacity RNA to cDNA Kit (Applied Biosystems, Foster City, CA). The resulting cDNA was amplified using the following specific primers:IL-6 forward, 5′-AGTTGCCTTCTTGGGACTGA-3′; IL-6 reverse, 5′-CAGAATTGCCATTGCACAAC-3′TGF-β forward, 5′-TTGCTTCAGCTCCACAGAGA-3′; TGF-β reverse, 5′-TGGTTGTAGAGGGCAAGGAC-3′IL-12p40 forward, 5′-AGGTGCGTTCCTCGTAGAGA-3′; IL-12p40 reverse, 5′-AAAGCCAACCAAGCAGAAGA-3′IL-23p19 forward, 5′-GACTCAGCCAACTCCTCCAG-3′; IL-23p19 reverse, 5′-GGCACTAAGGGCTCAGTCAG-3′

qRT-PCR of mRNA was performed with the LightCycler 480 real-time PCR system (Roche Diagnostics, Basel, Switzerland). Amplification data were normalized to β-actin expression. qRT-PCR of miRNA was performed with the ABI Prism 7900HT sequence detection system using TaqMan miRNA assays for hsa-miR-29a (ID 002112), hsa-miR-29b (ID 000413), RNU6B (ID 001093), and miR-29b derivative miRNA (ID CSBJWVW). Amplification data were normalized to endogenous RNU6B expression, and relative expression was quantified using the 2^−DDCt^ method.

Isolation of CD11c^+^ DCs from the Lamina Propria of the Colonic Mucosa {#sec4.7}
-----------------------------------------------------------------------

Colonic DCs were collected as described previously.[@bib34] Briefly, the intestinal mucosa was washed in PBS to remove feces, placed in Hank's balanced salt solution (HBSS) containing 5 mM EDTA, and incubated for 20 min with shaking. The tissue was cut into small pieces that were incubated in RPMI 1640 medium containing 4% fetal bovine serum (FBS), 1 mg/mL collagenase D (Roche Life Science, Mannheim, Germany), 0.5 mg/mL dispase (Invitrogen, Carlsbad, CA), and 50 μg/mL DNase I (Roche Life Science) for 50 min in a 37°C shaking water bath. Digested tissues were then resuspended in HBSS containing 5 mM EDTA and passed through a 40-μm cell strainer. Anti-CD11c MicroBeads (100 μL; Miltenyi Biotec, Bergisch Gladbach, Germany) were mixed with the cell pellet after it was resuspended in 500 μL buffer. The cell and microbead mixture was incubated for 15 min at 4°C, and then the cells were processed using the AutoMACS Pro separator (Miltenyi Biotec) according to the manufacturer's protocol.

RNA Sequencing {#sec4.8}
--------------

Library preparation was performed using a TruSeq stranded mRNA sample prep kit (Illumina, San Diego, CA) according to the manufacturer's instructions. Sequencing was performed on an Illumina HiSeq 2500 platform in 75-base single-end mode. Illumina Casava1.8.2 software was used for base calling. The sequenced reads were mapped to the mouse reference genome sequences (mm10) using TopHat version 2.0.13 in combination with Bowtie2 version 2.2.3 and SAMtools version 0.1.19. The fragments per kilobase of exon per million mapped fragments (FPKMs) were calculated using Cuffnorm version 2.2.1. A series of enhanced (\>2.0-fold, p \< 0.05) or reduced (\<0.5-fold, p \< 0.05) genes were identified for further gene expression analysis. The raw data were deposited in the NCBI GEO database under accession number [GSE93162](ncbi-geo:GSE93162){#intref0010}. The processes and upstream regulators were identified using QIAGEN's Ingenuity Pathway Analysis (IPA, QIAGEN, Redwood City; <https://www.qiagen.com/ingenuity>) using default settings.

Statistics {#sec4.9}
----------

The statistical significance of differences between 2 groups was calculated by Student's t test. When more than 2 groups were compared, one-way ANOVA was used, followed by Holm-Sidak's multiple comparisons test to determine the statistical significance of the differences. Statistical analyses were performed using the JMP12 program (SAS Institute, Cary, NC) and GraphPad Prism version 7.00 for Mac (GraphPad, San Diego, CA). Differences with p \< 0.05 were considered to be significant.
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